Thin films of hafnium oxide have been grown by high pressure reactive sputtering on transparent quartz substrates (UV-grade silica) and silicon wafers. Deposition conditions were adjusted to obtain polycrystalline as well as amorphous films. Optical properties of the films deposited on the silica substrates were investigated by transmittance and reflectance spectroscopy in the ultraviolet, visible and near infrared range (UV-VIS-NIR). A numerical analysis method that takes into account the different surface roughness of the polycrystalline and amorphous films was applied to calculate the optical constants (refractive index and absorption coefficient). Amorphous films were found to have a higher refractive index and a lower transparency than polycrystalline films. This is attributed to a higher density of the amorphous samples, which was confirmed by atomic density measurements performed by heavy-ion elastic recoil detection analysis (ERDA). The absorption coefficient gave an excellent fit to the Tauc law (indirect gap), which allowed to obtain a band gap value of 5.54 eV. The structure of the films (amorphous or polycrystalline) was found to have no significant influence on the nature of the band gap. The Tauc plots also give information about the structure of the films, because the slope of the plot (the Tauc parameter) is related to the degree of order in the bond network. The amorphous samples had a larger value of the Tauc parameter, i.e., more order than the polycrystalline samples. This is indicative of a uniform bond network with percolation of the bond chains, in contrast to the randomly oriented polycrystalline grains separated by grain boundaries.
Introduction.
The electrical properties of hafnium oxide and other metallic oxides with high dielectric constants are being currently investigated with great interest, specially due to the promising possibilities that these materials have found for replacing silicon oxide at the heart of MOS (metal-oxide-semiconductor) transistors [1, 2] . Over the past years plenty of work has been done with several dielectric materials such as silicon nitrides [3, 4, 5, 6] and oxynitrides [7, 8, 9] , while nitridation of the oxide layer has been used by the semiconductor industry to reduce tunneling currents through the gate dielectric [10] . However, at the present scale of integration (65 nm process generation), the oxynitride has to be so thin (less than 1.7 nm) that tunneling currents impose severe limitations to the performance of the transistors [10] . A dielectric with higher permittivity than silicon oxynitride could be made thicker and still have the same capacitance as an equivalent oxide with a proportionally lower thickness, where the proportionality constant is the ratio of the permittivities of the two materials.
Hence, a more aggressive downscaling of the transistor dimensions will require dielectrics of even higher permittivities. Some transition metal oxides and silicates, specially from groups IV and V (Ti, Hf, Ta), have attracted considerable attention, and most efforts are now concentrated in solving the mobility degradation problems [11] associated with the higher polarization characteristics of these materials. Trapping of charge due to bulk traps [12] , with the consequent shift in threshold voltage during device operation, and Fermi-level pinning caused by a high density of interface states, are also common problems of high-k dielectrics [1, 2, 10] . Concerning process stability, the most promising among the high-k dielectrics is hafnium oxide (HfO 2 ) [13] , which has a suitable conduction band offset with silicon [13] , so we have selected this material for our present study. As deposition method we took an innovative approach, selecting high pressure reactive sputtering (HPRS) [14, 15] for its potential advantages for low interfacial damage compared with other plasma processes.
Due to the higher deposition pressure, sputtered species have a shorter mean free path length than the distance from target to substrate. Therefore, the sputtered particles are thermalized and their energy when reaching the substrate is moderated, reducing the generation of defects at the interface.
As most present studies are driven by the urgency of the industry to find a solution for the gate dielectric problem, not so much emphasis has been placed in investigating the properties of these materials by optical methods. In some cases, spectroscopic ellipsometry has been applied to determine the optical constants of HfO 2 [16, 17] and to relate bulk defects with electrical characteristics [18] . Raman active phonons have been investigated both theoretically [19, 20] and experimentally [20, 21] , but always in crystals prepared in bulk form. Infrared active phonons have also been calculated [19] and measured [22, 23] , but unlike Raman spectra, the infrared absorption peaks can be observed in thin film samples. In spite of the relatively scarce literature about its optical properties, hafnium oxide has interesting optical applications. For example, due to the large band gap and high refractive index it has been used as optical coatings for astronomical CCDs [24] and as antireflective multi-layer coatings for night vision devices and for IR optical devices [25] .
Ultraviolet-visible spectroscopy in the region around the optical gap can be used to determine the value of the band gap. For this purpose, one recent publication [26] uses transmittance spectra of samples deposited on transparent substrates, while another study measures reflectance [27] of samples deposited on silicon. However, there are no published optical constants of HfO 2 determined from the simultaneous analysis of transmittance (T) and reflectance (R) spectra. The use of both T and R allows for a much more accurate determination of the optical absorption coefficient (α) in the region around the optical gap, because a numerical analysis method can be implemented that solves simultaneously the equations of T and R as a function of wavelength λ, where the complex refractive index of the thin film layer appears as a parameter and is determined by fitting its real part to a Cauchy dispersion law [28, 29] .
The aim of this study is to use this method of analysis for the ultraviolet-visible-near infrared spectra of HfO 2 thin films deposited on transparent quartz substrates (UV-grade silica). For this purpose, transmittance and reflectance spectra are taken in the whole range from 200 nm to 2000 nm and are analyzed simultaneously by a numerical method that also takes into account the scattering caused by the surface roughness of the samples [28, 29] . This is specially important because two different kinds of samples with very different morphological characteristics are analyzed in this study. These two types of samples differ in their crystalline structure: one is amorphous and the other polycrystalline. By adjusting the composition of the constituent gas of the plasma discharge of our HPRS system, we can modify the structure of the films. We demonstrate these differences by X-ray diffraction (XRD) and by Fourier transform infrared spectroscopy (FTIR), as well as by measurements of the atomic area density with heavy-ion Elastic Recoil Detection Analysis (ERDA). Finally, we show capacitance measurements versus polarization (C-V), and the density of interface states that can be extracted from these curves, which reveal the consequences that the change in the structure of the film has for its electrical characteristics.
Experimental procedure.
The substrates for the growth of the HfO 2 thin films were selected according to each characterization technique. For the optical measurements we chose UV-grade quartz (silica), whose transparency range extends down to 190 nm and covers the absorption edge of the hafnium oxide. In the case of the samples for XRD, ERDA and electrical measurements, we used silicon substrates of low resistivity (5 Ωcm), while for FTIR characterization it was necessary to use high resistivity (80 Ωcm) silicon in order to minimize free-electron absorption. Every type of substrate was subjected to an appropriate cleaning procedure (a standard RCA process [30] for silicon and organic solvents for quartz) before being introduced in the deposition chamber.
The deposition parameters of our HPRS system that result in optimum properties for the HfO 2 films grown with O 2 plasmas are known from our previous work [31] . An important result that we discovered recently is that in a pure Ar plasma the structure of the films becomes amorphous, while with pure O 2 or mixed O 2 /Ar plasmas it is polycrystalline. Hence, we used one process with pure O 2 at a pressure of 1.2 mbar to grow the polycrystalline film, and another one with pure Ar at the same deposition pressure to grow the amorphous samples.
The substrate temperature was 200 ºC in both cases, while radio frequency (rf) power was 60 W. The HfO 2 cathode had a purity of 99.95 %.
Deposition time was 30 minutes for all samples except those grown on quartz for the optical measurements, where longer deposition times were necessary to obtain a good absorption edge. The thickness was measured by cross-sectional transmission electron microscopy (TEM) photographs of samples deposited under the same conditions and deposition time [32] . These values are 20.6±1.8 nm for the samples deposited with oxygen plasma and 10.9±0.3 nm for films grown in argon plasma (in both cases the deposition time is 30 minutes).
Some of the obtained dielectric films were analyzed by HI-ERDA to determine the atomic concentration of all constituent elements. In a previous report [31] we made use of these results to determine the stoichiometry and content of impurities. Here we will concentrate on the value of mass density that can be derived from the atomic area density and the thickness of the samples, and we will compare it with the optical density given by the refractive index. The HI-ERDA measurements were performed at the Ionen-Strahl-Labor (ISL) of the Hahn-Meitner-Institut in Berlin, using a beam of Au ions accelerated to an energy of 350 MeV. The recoiled atoms from the sample were detected by a mass and energy dispersive spectrometer [33] . The total ion dose was in the order of 10 11 atoms, which results in a fluence of about 10 12 atoms/cm 2 . This is below a value that produces the preferential effusion effects of light atoms that we have studied in a previous report [34] .
The structure of the films was investigated by glancing incidence X-ray diffraction spectroscopy (0.5º incidence angle) and infrared spectroscopy. The X-ray diffractograms were obtained with a Philips XPERT diffractometer in the θ-2θ configuration using the Cu K α line.
IR spectra were taken with a Nicolet Magna-IR spectrometer in transmission mode and normal incidence. Both types of spectra revealed the differences between amorphous and polycrystalline films.
For the optical analysis we measured the transmittance and reflectance spectra in the ultraviolet-visible-near infrared range (UV-VIS-NIR) with a Perkin-Elmer spectrometer.
While most published results measure only transmittance [26, 35] and calculate the complex refractive index by a method based on Swanepoel [36] , we used a more innovative approach developed in our group, which involves reversed equations of transmittance and reflectance as a function of n and k (real and imaginary part, respectively, of the refractive index of the film), with the wavelength (λ) as an independent variable. Two parameters appear in these equations and serve as fitting parameters: the thickness (d) of the film and the coherence factor (C) [28] , which takes into account the loss of coherence during multiple reflection and 
so, if there is a direct band gap, a plot of (αhν) 2 versus hν would have a linear region with slope A and whose extrapolation to α(hν)=0 would give the value of E G . On the other hand, data from indirect band gaps meet usually the Tauc law:
where B Tauc (Tauc parameter) is the slope of the linear region in a plot of (αhν) 1/2 versus hν, whose extrapolation to α(hν)=0 would give the value of the indirect band gap. It should be noted that these relationships are valid only for parabolic bands, so they are only physically meaningful for values of photon energies not much larger than the band gap energy, for which the absorption is not very strong. They are not valid at photon energies lower than the band gap, where the absorption coefficient falls below 10 -2 -10 -1 μm -1 . In this range the absorption coefficient is an exponential rather than a potential function of energy, and it is given by the Urbach law:
where E 0 is called Urbach energy. This law accounts for an exponential tail in the absorption coefficient that is usually associated with localized band tail states. Hence, both the Tauc parameter and the Urbach energy are related to lattice order, because they depend on how steep is the increase of the absorption coefficient.
Electrical measurements were done on MOS capacitors with Al gate electrodes of 10 -3 cm 2 of area fabricated by e-beam evaporation. The HfO 2 films in these structures were grown with the same conditions and deposition time as those analyzed by ERDA, XRD and FTIR, and therefore are expected to have the same thickness. The MOS capacitors were characterized by means of capacitance measurements by the high-low frequency method [37] , where quasistatic and high frequency (100 kHz) capacitance (C Q and C HF , respectively) are measured simultaneously as a function of bias voltage. This method allows for the determination of the energy distribution of the interface trap density (D it ), provided that the leakage current is negligible compared to the displacement current (a requisite that is met by the films analyzed in this study).
Results.
The X-ray diffractograms of Figure 1 demonstrate the important result that samples deposited in O 2 plasma are polycrystalline while samples deposited in Ar plasma are amorphous. The reasons for this shall be discussed in the next section. Vertical lines in the figure mark the characteristic peaks of the HfO 2 monoclinic phase [38] . Clearly, the sample deposited with O 2 plasma presents all these diffraction peaks, while the sample deposited with
Ar plasma only shows a broad weak band that reveals its amorphous structure. In a previous work we showed that mixed O 2 /Ar plasmas with different gas flow ratios always formed films with a polycrystalline structure [32] . So, it is necessary to eliminate completely the presence of O 2 to obtain amorphous films. The most intense of the diffraction peaks is the ( 11 1 ) feature, which can be used to estimate the average grain size from the full width at half maximum (FWHM) of a Gaussian fit to this peak, according to the Scherrer equation [39] .
From this calculation we estimate an average grain size of 20 nm for the polycrystalline film.
The different structure between the two kinds of samples is also noticeable in the midinfrared spectra shown in Figure 2 . Vertical lines mark the peaks associated with the HfO 2 monoclinic form. In the mid-infrared region there is only one strong absorption peak at 512 cm -1 [23] . The peak at 748 cm -1 has also been studied previously and assigned to an A u mode (atomic displacement parallel to the c axis of the unit-cell) [22] . As can be seen in Figure 2 both peaks disappear in the sample deposited with pure Ar plasma, while they are present in the sample deposited with O 2 or mixed O 2 /Ar plasmas [32] . This is in agreement with previous reports [23, 40] that showed only a broad band starting at 500 cm -1 and extending into the far infrared region for amorphous hafnium oxide. The study of Neumayer and Cartier
[23] also shows how this broad band gradually give rise to the characteristic peaks of the monoclinic structure as the sample crystallizes when annealed at increasingly higher temperatures. Therefore, the characteristic peaks of the monoclinic structure for the sample deposited with O 2 reveal the different structure of both types of samples. The peak at 647 cm -1 has also been reported for monoclinic HfO 2 in the work of Neumayer and Cartier [23] while the peak at 610 cm -1 has been studied by T. Hirata [22] and decomposed in two B u infrared modes (corresponding to atomic displacements parallel to the ab plane of the unit cell).
However, the infrared spectra studied by Hirata correspond to sintered pellets which were not affected by the absorption of bulk silicon phonons from the substrate. Other authors who have studied the infrared spectra of hafnium oxide deposited on silicon have ignored the region around 610 cm -1 because it coincides with the absorption of a strong Si phonon [40] . That applies also to our case and explains why it does not disappear in the amorphous sample, so we attribute this feature to incomplete subtraction of the silicon phonon. Finally, the feature at 680 cm -1 has been reported as characteristic of a HfO 2 longitudinal-optical (LO) phonon mode that appears only at oblique incidence. That can not be the case in our measurements, since they are taken at normal incidence. The variable intensity with which this peak appears suggests that it is due to residual absorption of atmospheric CO 2 , which is known to occur at this frequency.
Transmittance and reflectance spectra of two samples are presented in Figure 3 . The samples were deposited on transparent quartz substrates under the same conditions as those described for the XRD and FTIR studies. Obviously, the different structure of the two types of samples has also important consequences for their optical properties. As can be seen from Figure 3 , the amorphous hafnium oxide has a lower transmittance and higher reflectance, which means that its index of refraction is higher than that for the polycrystalline sample. This implies that polycrystalline hafnium oxide has a lower packing density, which must be due to the empty voids at the interface between the grains. In comparison, the amorphous samples have neither grains nor discontinuities, so they present a continuous network of bonds that forms a more compact structure. From these spectra the real part of the index of refraction (n)
can be calculated and fitted to a Cauchy dispersion law according to the procedure described in the experimental section. Figure 4 shows the result of this calculation. As expected the amorphous film has a refractive index significantly higher than the polycrystalline sample.
For comparison, the refractive index of bulk HfO 2 at 632.8 nm is 2.08 [41] , which is close to the value (1.98) of our amorphous samples at that wavelength.
In the calculation of the refractive index from the transmittance and reflectance spectra, not only the real part n is obtained, but also the imaginary part or extinction coefficient k, from which the absorption coefficient can be calculated as α=4πk/λ. In Figure 5 we plot the absorption coefficient calculated in this way as a function of photon energy. Two regions can be distinguished: the absorption edge, which starts at around 5.6 eV, and the transparency range that extends below this energy. In the transparency region the polycrystalline sample has a higher absorption coefficient than the amorphous film. This is due to the loss of light by random reflections at the rough surface of the polycrystalline sample and at the interfaces between crystallites. This effect can also be seen in the transmittance and reflectance spectra of Figure 3 , where the lower modulation of the interference oscillations in the spectra of the polycrystalline film is due to the loss of coherence of light during the multiple reflections. Hence, the lower transparency of the polycrystalline sample and the narrower oscillations of its interference pattern are both related to the loss of light by reflections in random directions at crystallites surfaces or interfaces.
This demonstrates the advantage of our method for the analysis of the transmittance and reflectance spectra [28] , that takes into account the loss of coherence of the light by introducing a coherence factor in the solution of the equations.
Discussion.
The structural analysis of the hafnium oxide films by XRD and FTIR spectroscopy has shown that only a deposition with pure Ar plasma produces amorphous samples, while the introduction of any amount of oxygen in the plasma makes the film polycrystalline [32] . It is well known that the structure and physical properties of thin films grown in a glow discharge system strongly depend on the spatial distribution of the energy deposited by the particles that arrive at the substrate [42, 43] . Moreno-Marín et al. [42] have shown that during their travel through the plasma, the atoms reflected at the cathode lose less energy than the sputtered ones, so the former play a much more significant role than the latter in the deposition of energy at the substrate. According to the work of these authors, the number of sputtered atoms that land onto the substrate is appreciably larger than the number of reflected plasma particles, but the reflected particles carry the main part of the energy. This is a consequence of two important results. First, practically all high-energy particles emitted from the cathode are reflected gas particles and not sputtered atoms. Second, the transport through the plasma is advantageous to the high-energy reflected particles, so a significant number of sputtered particles will be thermalized in their travel to the substrate. Hence, the main part of the energy deposited onto the substrate is provided by the flux of reflected gas particles.
Based on the results described in the previous paragraph, we can consider the influence that the introduction of oxygen has on the structure of our films. Oxygen has a much lower atomic mass than argon. Hence, oxygen ions are much more mobile than argon.
In the electric field of the sheath region of the plasma they will be accelerated to higher velocities than the argon ions, and, consequently, they will be reflected at the cathode with higher velocity too. The smaller volume and higher velocity of the reflected oxygen atoms will reduce their scattering probability by plasma species as they cross the plasma region. As a consequence, they will deposit more energy onto the substrate. A simple analogy with solid state physics will help to understand this. It is well known that the scattering of electrons by ionized impurities in a solid decreases with temperature. Elevating the temperature increases the thermal velocity of the carriers, which in turn reduces the time a carrier spends in the vicinity of an ionized impurity center. Hence, the smaller the deflection, the smaller the effect of the scattering event, and the greater the value of the mobility. An analogous effect is expected to reduce the scattering of the reflected oxygen ion, since their higher velocity compared to argon ions will make them spend less time in the vicinity of ionized scattering centers in the plasma. Additionally, the smaller volume of the oxygen ions reduces its scattering cross-section with both ionized and non-ionized centers. So the flux of reflected plasma particles in the case of oxygen plasma is expected to deposit more energy onto the substrate than in the case of argon plasma, thus promoting the growth of polycrystalline films in the first case while films grown with pure argon plasma remain amorphous.
In order to confirm experimentally the above hypothesis we have performed a simple experiment. We have measured the substrate temperature as a function of time when the substrate is not deliberately heated. Figure 6 shows the result for an oxygen plasma and an argon plasma, with all the other system parameters being the same (60 W of rf power and 1.2 mbar of gas pressure). A temperature of 127 ºC is reached with the oxygen plasma after 3000 s of deposition, while in the case of the argon plasma the temperature only reaches 75 ºC in the same time. So it becomes clear that oxygen is depositing significantly higher energy onto the substrate.
However, microstructure is not only determined by particle bombardment. The surface and near-surface environment during film growth are crucial because they determine the adatom mobility. And the main parameters that control the ad-atom mobility are substrate temperature and particle bombardment [44] . As a function of these parameters, the microstructure of sputtered films is usually classified in terms of three zones [44, 45] . Zone 1 structure occurs when the ratio of growth temperature (T) to melting point (T m ) of the deposited material is less than 0.1. This is our case, because the melting point of hafnium oxide is 2774 ºC [46] , while the substrate temperature is 200 ºC, so our T/T m is 0.07. In this range of growth temperatures ad-atom surface mobility is negligible, so in the case that a polycrystalline growth is promoted (in our experiment, by the high-energy reflected oxygen atoms) the initial nuclei tend to grow in the direction of the available incoming flux. The growth morphology is affected significantly by intergrain shading, so tapered crystallites develop and intergrain boundaries are voids rather than true grain boundaries. Hence, the film becomes underdense, although individual crystallites have near bulk density. Additionally, there is evidence that residual gas adsorption can reduce the movement of ad-atoms, so zone 1 structure is also promoted by the presence of impurities such as oxygen. Our composition measurements by ERDA have confirmed an excess of oxygen in the films deposited with oxygen or mixed oxygen/argon plasmas, while films deposited with pure argon are almost stoichiometric. So the presence of these oxygen impurities can play a role to explain the underdense structure of the polycrystalline films.
The index of refraction shown in Figure 4 confirms the above discussion about void formation and underdense structure in the polycrystalline film. The commonly reported value of refractive index for the bulk material is 2.08 at 632.8 nm [41] . In comparison our amorphous sample has an index of 1.98 at that wavelength, while the polycrystalline value is [ ]
where Table 1 and the respective atomic masses, a mass density of 8.0±0.8 g/cm 3 is obtained for the polycrystalline sample and 11.3±1.0 g/cm 3 for the amorphous one.
This confirms the lower density of the polycrystalline film, in agreement with the lower value of the refractive index, and it is consistent with our previous discussion of void formation during growth of the polycrystalline structure.
There are very few references for the density of HfO 2 films in the published literature.
Generally, the value of a bulk HfO 2 ceramic cubic crystal given by Ref. [46] and the theoretical value of 10.1 g/cm 3 determined from XRD are the most commonly cited values, but they are not useful for establishing a comparison with thin films that have a different structure (amorphous or monoclinic polycrystalline). For this purpose, the most useful previous study is probably the work of Teren et al. [47] . In this work the authors determined the areal mass of HfO 2 films by X-ray fluorescence spectroscopy (XRF). To do this, they needed to perform an absolute calibration by Rutherford backscattering spectroscopy on films of different thickness ranging from 5 nm to 150 nm. Within this range of thickness they were able to find the expected linear behavior between the XRF count-rate and the areal mass density of Hf. They also did additional determinations of thickness and density by X-ray reflectivity (XRR), using the relation between density and critical incidence angle for total reflection [48] , and found consistent values. In general, an increase of the density of the films with deposition temperature and with annealing temperature was found in this study, which the authors attributed to crystallization and reduction in carbon impurity content. Low deposition temperatures produced amorphous films with densities in the range 5-8 g/cm 3 , which increased to almost the bulk theoretical value of 10.1 g/cm 3 for deposition temperatures above the crystallization temperature of 500 ºC. The exception were some deposition conditions that create an oxygen deficiency at high deposition temperatures and therefore result in low density values. In our case, no oxygen deficiency is detected by ERDA, so the low value of density for the polycrystalline sample cannot be attributed to this cause. Our films have been grown at a low deposition temperature (200 ºC), so the polycrystalline growth is not accompanied by thermal ordering and densification. On the contrary, the zone 1 structural growth discussed before is characterized by low surface ad-atom mobility and shadowing effects that create void space between the growing crystallites, and hence reduce the density. Finally, it should be noted that the amorphous films that have low density values %. When this carbon is released by post-deposition annealing the films undergo relaxation and densification at temperatures lower than the crystallization temperature. As a function of deposition temperature, a high carbon content is also associated with a low density. In comparison, our amorphous film deposited with argon plasma has a negligible carbon content of less than 1 at.%, and there are no significant amounts of other impurities that could affect its density by displacing Hf or O atoms. Hence, its amorphous structure is not an obstacle for a high density, as we observe in the ERDA data.
The higher value of the absorption coefficient for the polycrystalline sample in the transparency region has been discussed already in the results section in terms of the scattering of light by random reflections at crystallites boundaries. We will consider now the absorption coefficient in the region above the absorption edge. In the experimental section we introduced the two laws that usually fit the absorption coefficient in this region: Equation 1 for a direct band gap (a plot of (αhν) 2 versus hν should yield a straight line in this case) and Equation 2
(Tauc law) for an indirect band gap (when a plot of (αhν) 1/2 versus hν is a straight line). Both However, the Tauc coefficient, i.e. the slope of the plots in Figure 7a , was significantly different for the amorphous sample (B Tauc =1499±31 eV -1/2 cm -1/2 ) and the polycrystalline one (B Tauc =1344±49 eV -1/2 cm -1/2 ). That means the slope of the Tauc plot is steeper in the amorphous case, (i.e., the absorption coefficient increases faster in these films).
In some studies, specially with amorphous solids, the Tauc plot has been related to the degree of order in the structure [29] . It is commonly admitted that disorder generates defects, and these in turn remove states from the bands and generate band tails of localized states. These band tails are generally described by the Urbach exponential law given by Equation 3.
Therefore, in a logarithmic plot of the absorption coefficient, the Urbach tail will appear as a linear region at energies below the absorption edge. The inverse of the slope of a linear fit to this region is the Urbach energy E 0 .
An inverse correlation between the Tauc coefficient and the Urbach energy has been reported previously by us and other authors for different materials [29, 49] . It is based on the relation mentioned above between band states and band tailing. An example is the defect generation produced by the clustering that occurs around the percolation threshold of Si-Si bonds at a certain stoichiometry in hydrogenated silicon nitride [49] . In this example, the rupture of the percolation of the Si-Si bond network and the subsequent clustering, produces a strong tailing of band edges. As a consequence, energy levels are removed from the bands of extended states and a broad valence-band tail is formed, causing a minimum of the Tauc slope (less absorption above the absorption edge) and a maximum of the Urbach energy (lower slope in the region below the absorption edge due to the broader valence-band tail) [29, 49] .
An analogous behavior can be postulated for the hafnium oxide films of the present study.
When the structure of the films is amorphous (films deposited with pure Ar plasma), they are more dense and homogeneous, and have a higher value of the Tauc parameter, which is indicative of a uniform bond network with percolation of bond chains. On the contrary, when Zone 1 polycrystalline growth is promoted by the higher-energy reflected O atoms, percolation disappears and clustering occurs around the initial crystallites nuclei. Hence, a strong tailing of band edges appears, so the Tauc parameter decreases and an Urbach tail is developed. Both effects can be seen in Figures 5 and 7a . A linear plot to the Urbach tail of the polycrystalline sample has been performed in Figure 5 and results in an Urbach energy of 1.4
eV.
Similar tailing of the absorption coefficient has been described before by Y. J. Cho et al. [17] for results of spectroscopic ellipsometry measurements on 16 nm thick hafnium oxide films deposited by reactive dc magnetron sputtering. These authors found a shift of the absorption edge to a higher energy and a decrease of band tailing as the samples were annealed at increasingly higher temperatures, which they attributed to defect reduction and temperature induced crystallization. However they did not fit the absorption curves to Tauc and Urbach laws to find E G , B Tauc , and E 0 , so a comparison with our results is not straightforward. Other authors (Takeuchi et al. [18] ) have also studied the effects of temperature on the absorption coefficient of HfO 2 films characterized by spectroscopic ellipsometry. In this case the films were grown by rapid thermal oxidation of hafnium and the absorption coefficient was fitted by a Tauc law to obtain the value of the band gap. As the oxidation temperature was increased from 500 ºC to 600 ºC the band gap increased from 5. increased. These authors also examined the effect of the detected defects on the electrical characteristics (leakage current and C-V curves) and found that they act as electron traps. The origin of these traps was attributed to oxygen vacancies in the HfO 2 film, which are known to produce electronic states in the band gap in many metal oxides [52] . Due to the method of film growth used by these authors (rapid thermal oxidation of a pure Hf film), the density of oxygen vacancies is likely to be high enough to influence the absorption spectra when insufficiently oxidized films with less oxygen than stoichiometric HfO 2 are obtained.
However, this is not our case, since our composition measurements by ERDA resulted in an O/Hf ratio of 2.20 for the film deposited with oxygen plasma and 2.06 for the film grown with argon. Hence, the defects in our films are mostly associated with broken bonds at the surfaces of the polycrystalline grains rather than oxygen vacancies, so they are only responsible of the band tailing observed for the polycrystalline sample and they do not produce any absorption peak inside the band gap. Since our polycrystalline samples are a result of energy deposition on the substrate by high-energy reflected oxygen plasma particles and not the consequence of thermally induced ordering, it is not surprising that in our case defect related band tailing is more pronounced for the polycrystalline sample than for the amorphous one.
To end this discussion it is convenient to consider the influence that the different structure of the films has on their electrical characteristics, so that significant consequences can be drawn for their application as gate oxide in MOS technology. For this purpose we have performed quasistatic and high frequency capacitance measurements, whose results can be seen on Figure 8a . The most important parameter that can be extracted from these curves is the density of interface states (Figure 8b ), which is related to the dip of the quasistatic curve.
A lower density of traps at the interface means that the depletion region will extend deeper into the semiconductor as the bias is swept from accumulation to inversion, so the dip of the quasistatic capacitance will be more pronounced. This is the observed behavior for the amorphous film deposited with argon plasma compared to the polycrystalline sample grown with oxygen, which indicates that the amorphous structure forms an interface with a lower density of defects. Such observation is in agreement with the results discussed in the previous paragraphs, which suggested that an oxygen plasma deposits significantly more energy than an argon plasma onto the substrate during film growth, hence causing more damage to the interface.
The shift of the high frequency curve of the polycrystalline films towards negative gate voltages (Figure 8a ) is indicative of a shift in the flat band voltage. A more negative flat band voltage means that there is more negative charge stored in the dielectric. This is also in agreement with the discussion of the results of the structural and optical measurements, where it was concluded that the polycrystalline samples are formed by individual crystallites with void intergrain boundaries that contain a high density of defects. Such defects trap charge and are responsible of the flat band voltage shift. In comparison, the amorphous samples were proposed to have a continuous and more dense bond network and hence a lower density of defects, which is corroborated by the lower trapped charge density.
Conclusions.
We have described the optical and structural properties of HfO 2 thin films and discussed how these properties are affected by the choice of glow discharge gas used for deposition. We have arrived to the conclusion that the introduction of oxygen into the argon glow discharge promotes zone 1 polycrystalline growth, while the structure of the films deposited with a pure argon plasma is amorphous. Zone 1 structure is a consequence of negligible ad-atom diffusion and shadowing effects, that result in the sputtered flux being deposited on high points on the film, with little material reaching the valleys. This leads to clustering in the form of tapered columns, with significant voids between clusters. As a consequence, polycrystalline films are underdense, they have a lower refractive index and show a strong tailing in the absorption edge, while amorphous films have a smooth, compact and homogeneous structure. It has been shown that these morphological and optical differences between the two kinds of films have an important influence on the electrical characteristics of the material, and therefore on its application to devices. 
